A dielectric lamellar-grating layer-substrate structure is proposed to be capable, under some conditions, of acting as a 100% efficiency mirror when operated at fixed wavelengths and incidence angles. The design of such mirrors for 1.3 µm and near normal incidence is achieved with silicon as the grating-layer material and glass substrates of two types. The study is based on a new matrix-vector procedure for the solution of rigorous coupled-wave equations. The computations use MATLAB, and, in particular, its goal-attainment routine. Design parameter tolerances are also discussed.
Introduction
Since the use of lamellar-grating-based structures was first proposed, they have received growing interest in many applications. As important new examples, integrated planar micro-optics 1,2 and highefficiency polarizers 3,4 may be cited.
The lamellar gratings are the simplest from the fabrication point of view. At the same time they frequently prove to be as efficient as gratings with other corrugation profiles which were preferred in some applications initially. 5 The common approach to the design of a specular 1or higher-reflection-order2 grating component is to use metallic materials or to exploit total internal reflection from dielectric interfaces. 2, 4 Analogously, for transmission components transparent materials are chosen. 2 Constructive-and destructive-interference effects, which permit 100% reflection or transmission efficiencies at given spectral points to be achieved, have found wide use in dielectric-multilayer-based 6 1but rather less in grating-based2 optical devices.
In this work we show that a 100% efficiency spectral mirror can be designed by optimizing the dimensions of a silicon-grating-layer and glasssubstrate structure. We consider the wavelength l 5 1.3 µm because it is operational for fiber-optic and free-space devices that use GaAlAsP LED sources. This design is an example of a new approach based on the exhaustive integration of rigorous mathematics 1coupled-wave equations2 with up-to-date, high-performance numerical software 1MATLAB2.
Grating-Based Spectral Mirror: General Characteristics
If one intends to simulate ideal-mirror properties by means of some structure that consists of a small number of transparent parts, a diffraction-phase grating should be a good candidate. It might be hoped that varied phase matching between the waves reflected from the grating region and the stack planes would provide constructive interference.
In our study we consider the structure shown in Fig. 1 . It consists of a lamellar grating with period L, slot width w, and groove height h, which are on top of a layer of thickness d and a substrate. It is supposed that the grating grooves and layer are made of the same material with a dielectric constant E II . For reflection applications, E II must not be small. It is also clear that the dielectric constant E III must differ substantially from E II .
We suppose that plane wave with wave vector k i is incident from medium I with dielectric constant E I 5 n I 2 1n I is the corresponding refractive index2 and planar-diffraction mounting of the grating is employed. Then, the range of appropriate grating periods can be chosen with the well-known grating equa-
where n is the refractive index of propagation medium, u m is the diffraction angle of the mth diffracted order, u i is the incidence angle, and l is the wavelength. Our choice of Cartesian axes is such that
Because we need to maximize the contribution of the specular reflection order 1m 5 02, we must at least rule out all higher reflection and transmission orders. It can be shown with the use of Eq. 112 that the condition of having only the zero-transmitted order reads
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Although the considered structure is nothing but a grating waveguide, the phenomenon in which we are interested is not connected with waveguide mode excitation, which leads to sharp reflection resonances occurring at
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and very shallow gratings. 7 These resonances, because they are extremely narrow, have low tolerance thresholds that may be useful for efficient light modulation. 8 For our purpose, just the opposite properties are needed. Thus, we should require that the inequality
would hold simultaneously with condition 122. This implies that the refractive index of the grating-layer part is at least larger than that of substrate. The use of undoped silicon as the grating-layer material is beneficial for our consideration because, in the region of l 5 1.3 µm, silicon is highly refractive and lossless: n II > 3.50 and k II # 10 28 . 9 In addition, it is one of the best materials for micromachining and for microelectronics processing. Some glasses that can be bonded to silicon may be chosen as the substrates. We consider two glass substrates; they are specified in Section 4. There is no analytical method to use to specify the parameters w, h, and d except the trivial condition 0 , w , L. They have to be found from numerical simulations.
Mathematical and Numerical Implementation
There exist several established methods for electromagnetic calculations of lamellar-grating-based structures. There is no room in this paper to discuss or compare the effectiveness of these methods 1a comprehensive survey of the state of the art dated to the 1980's can be found in Ref. 52. Therefore we state here, without proof, that the rigorous coupled-wave approach 10,11 is most appropriate for dielectric and finitely conducting nonmetallic gratings. In addition, this method may gain use in optical engineering because of its simplicity of actual execution.
To realize this opportunity one should unite the coupled-wave solution procedure with engineeringoriented, widespread, high-performance software so that the result will be accessible to the custom user. In our opinion the best choice would be the MATLAB program, which can be used in the fields of signal and image processing, optimization, control, and so forth. 12 Because native MATLAB objects are vectors and matrices, 12 we reduced the rigorous coupled-wave equations to a fully vector-matrix form. This facilitated a transformation of the whole solution process to a new procedure that proved to be well conditioned and to converge quickly with an increase in the truncation order. 13 In addition, it enables the power-conservation test to hold with surprising accuracy, no matter what truncation order is chosen. 13 The MATLAB program for the procedure that we developed is compact; its text takes not more than one page. As a general MATLAB function, our program may return a multicomponent object. In our case, the output contains the reflected and transmitted amplitudes and the efficiencies of the retained orders. However, any quantity calculated within the program may be included in the output. The
122 Physical parameters: Wavelength l in micrometers, incidence angle u i in radians, polarization symbol t 5 0 1TE2 or t 5 1 1TM2, and dielectric constants E I , E II , and E III for the incidence medium, grating-layer material, and substrate, respectively.
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Optimization of Grating-Layer Dimensions
Let 14 The design of the mirror would be successful if we were to find the parameters L*, w*, and d* for which both TE and TM reflectances equal unity with a prescribed accuracy:
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It is just one from a class of multiobjective optimization problems whose solutions have been facilitated in MATLAB's latest versions. The most appropriate for our case is the ATTGOAL routine. 15 To reduce the number of search variables, 0.5 duty-cycle gratings 1w 5 0.5L2 are considered; that is, the rigid constraint Thus, the replacement of one glass substrate by another that has a dielectric constant that is approximately 1.4 times smaller affects mostly the optimal value of grating period. After finding these optimal design parameters, we demonstrate some physical and dimensional parameter dependences while keeping other parameters fixed at their operational and optimum values. It is of interest to see the sensitivity of the efficiencies to parameter tolerances. We consider 1with one exception2 only the Corning No. 7740 glass substrate because the dependencies for both cases that we considered are close to each other.
Normal Reflectance Spectra and Angular Dependencies
The wavelength dependencies of normal reflectances in the range of 1.2-1.4 µm for the dimensions given by Eqs. 182 are shown in Fig. 21a2 . Both TE and TM reflectances have, by design, 100% peaks at l 5 1.3 µm. However, the shapes of these peaks are quite different. The TM peak appears to be wider and flatter than the TE peak. Moreover, the TE curve undergoes an abrupt fall at l $ 1.304 µm 3Figs. 21a2 and 21b24. It is seen also from Fig. 21b2 that slightly nonmonochromatic TM beams with a wavelength spread over the interval 1.29 µm # l # 1.31 µm are also almost perfectly reflected. Figure 3 presents the angular dependencies at l 5 1.3 µm for incidence angles in the interval 0°# u i # 10°. Near the maximum at u 5 0°, which is designed to be common for both polarizations, the TE and TM curves prove to be flat and practically to coincide up to 4°. This plateau may be more extended if optimization is performed to obtain 100% reflection for only one polarization. Because in this case only one function, TE or TM reflection, should be maximized, search-minimum MATLAB routines were used. On doing this we found that, for a fused quartz substrate, the value R TM 5 1.0000 is attained at the dimensions 1in micrometers2 of
provided that the condition of a 0.5 duty cycle holds also. Figure 4 shows that the TM reflectance plateau here tends to be from 0°to approximately 10°.
Groove-Height and Layer-Thickness Dependencies
In this section we set l 5 1.3 µm throughout. The period and layer thickness air fixed at their optimum values. Figure 5 shows the groove-height dependencies under these conditions in the interval 0.2 µm # h # 1.2 µm. It is seen that the TE reflectance is rather high 1R TE . 88%2 in the whole interval. At the same time the TM reflectance has deep toothlike dips at h 5 0.58 µm 1R TM 5 4.6%2 and h 5 0.80 µm 1R TM 5 0.9%2. The TE and TM curves demonstrate the repetition of near 100% maxima with increasing height, but only the designed maximum at h 5 0.2247 µm is common to both. Repeated separate maxima are flat to within approximately 0.2-µm each. For TE, the designed maximum is rather tolerant to variations in the height because 98% , R TE # 100% for 0.2 µm # h # 0.4 µm, but it is less so for TM because R TM drops to the value of 63% already when h is near 0.32 µm. This is seen in better detail from Fig. 6 , which displays the same dependencies in the reduced interval 0.2 µm # h # 0.4 µm.
Let us now set the period and groove height to be their optimum. The layer-thickness dependencies in the interval 0.5 µm # d # 3.0 µm are shown in Fig.  71a2 . Because the length of the interval is sufficient, the quasi-periodicity of the dependencies can be traced clearly, wherein not only 100% maxima but whole fragments of the curves are repeated. Contrary to the case of the h dependencies, all maxima of the d dependences are common for both TE and TM polarizations. For better insight into how sensitive the reflectance maxima are for the d dependencies, we plot, in Fig. 71b2 , the same dependencies in the reduced interval 1.1 µm # d # 1.3 µm, including the design maximum attainment point d 5 1.2039 µm. We see that, whereas TM peaks may be said to be tolerant, the widths of TE peaks do not provide much room for thickness deviations.
Conclusions
In an effort to find a grating-based, perfectly reflecting, component made of dielectrics, we have proposed a grating-layer-substrate structure with dimensions to be optimized. The MATLAB-aided design of the structure has been performed for a 1.3-µm operational wavelength and near-normal incidence. Silicon as the gating-layer material and two glass substrates, Corning No. 7740 glass and fused quartz, have been used in the design. It has been proved by numerical simulations that structural dimensions exist for which both the TE and TM reflectances attain 100% values simultaneously. At these optimal dimensions, the angular reflectances have plateaus tending from 0°to 4°that justify the use of the term mirror.
By simulating the dependence on the design parameters, we have analyzed the tolerances and found them different for the TE and TM polarization states. The structures considered may be easily fabricated through the use of silicon-to-glass bonding, 16 followed by microelectronics-grating processing. 
